The binding and polymerization of RecA protein to DNA is required for recombination, which is an essential function of life. We study the pressure and temperature dependence of RecA binding to single-stranded DNA in the presence of adenosine 5'-[γ-thio]triphosphate (ATP[γ-S]), in a temperature regulated high pressure cell using fluorescence anisotropy. Measurements were possible at temperatures between 5-60°C and pressures up to 300 MPa. Experiments were performed on Escherichia coli RecA and RecA from a thermophilic bacteria, Thermus thermophilus. For E. coli RecA at a given temperature, binding is a monotonically decreasing and reversible function of pressure. At atmospheric pressure, E. coli RecA binding decreases monotonically up to 42°C, where a sharp transition to the unbound state indicates irreversible heat inactivation. T. thermophilus showed no such transition within the temperature range of our apparatus. Furthermore, we find that binding occurs for a wider range of pressure and temperature for T. thermophilus compared to E. coli RecA, suggesting a correlation between thermophilicity and barophilicity. We use a two-state model of RecA binding/unbinding to extract the associated thermodynamic parameters. For E. coli, we find that the binding/ unbinding phase boundary is hyperbolic. Our results of the binding of RecA from E. coli and T. thermophilus show adaptation to pressure and temperature at the single protein level.
H
omologous recombination is an essential mechanism for genomic stability and for generating genetic variations. In eukaryotic cells, RecA protein or its variants are required for recombination (1) . In prokaryotes, RecA protein is responsible for DNA repair and plays an important role in the SOS response (2) . All organisms have inherited RecA homologues such as Rad51 in humans. Besides being an essential protein, RecA is one of the most studied and sequenced protein. Due to its universal existence in almost all life forms, RecA has been used as a phylogenetic marker for bacteriophage, bacteria, archea, and eukaryotes (3) .
In the presence of ATP, a RecA molecule binds to three nucleotides of a ssDNA and further polymerizes to form a helical filament (4) . RecA depolymerization occurs with the hydrolysis of ATP to form ADP and releases energy in the process. In the presence of a nonhydrolizable form of ATP, adenosine 5'-[γ-thio] triphosphate (ATP[γ-S]), RecA binding to ssDNA is much stronger compared to that with ATP. In the presence of ATP[γ-S], RecA can polymerize on ssDNA, but the rate of depolymerization is significantly reduced. ATP[γ-S] disrupts the natural dynamic instability. In the presence of ATP, the dynamic instability is thought to act as a type of kinetic proofreading (5) .
Many archea and bacteria can live and grow in extreme conditions such as high pressure, temperature, and pH (6) (7) (8) . For example, Serratia marcescens, a psychrophilic bacteria, can live at −20°C while Pyrococcus CH1, a hyperthermophilic archea, can grow at 110°C and 120 MPa (9, 10) . The proliferation of these bacterial extremophiles raises an important question as to how proteins can sustain such harsh conditions because proteins are only stable in a range of thermodynamic conditions such as pressure and temperature (11) (12) (13) (14) (15) (16) .
A thermodynamic limit on the stability of proteins also puts a limit on the functionality of proteins (15, 17, 18) and hence the existence of living systems. Essential proteins must have adapted to the species habitat (19) (20) (21) (22) (23) (24) (25) . Adaptation means the preservation of the functionality of proteins. The adaptation of proteins to high pressures and temperatures is usually attributed to various factors such as increased hydrophobicity of the protein residues, uncorrelated domain structures, and extremely slow unfolding (26) . It is not clear if thermostability is correlated with increased barostability.
In this paper, we study and compare the pressure and temperature dependence of the equilibrium RecA binding to ssDNA in vitro in the presence of ATP[γ-S], using the method of fluorescence anisotropy, for a mesophilic bacteria Escherichia coli (EC) and a thermophilic bacteria Thermus thermophilus (TT). The methods presented here can also be applied to study other DNA binding proteins.
Materials and Methods
Fluorescence Anisotropy. Fluorescence anisotropy is a common technique to measure binding (27, 28) . It has been applied to investigate RecA binding to DNA as a function of DNA sequence and structure (29) .
When a fluorescent molecule is excited with linearly polarized light, the emitted light will have the same polarization. If the fluorescent molecule rotates while it is excited, then light will be emitted with a rotated polarization. Measurement of emitted light intensity in the vertical I v and horizontal I h orientations can therefore detect the average rotation. The fluorescence anisotropy A is defined as
The anisotropy of a spherical molecule is given by
where A 0 is the intrinsic anisotropy, τ is the lifetime of the fluorophore, θ is the rotational correlation time of the molecule, η is the viscosity of water, and V is the molecular volume (30) . An increased binding of RecA to ssDNA increases the rotational correlation time of the molecule and hence leads to an increase in the anisotropy.
In our experiments, we used ssDNA of 39 thymine nucleotides, which does not form any secondary structure or base stacking. It has a persistence length of approximately six nucleotides (31) . Each RecA molecule binds to three bases and hence a completely covered ssDNA in our case will have 13 RecA bound to it. We find that the typical value of the anisotropy of the bare DNA, A DNA , is 0.05 or less. At atmospheric pressure, if the RecA concentration is high enough, then 13 RecA molecules can completely cover the DNA giving a large anisotropy, which is typically A 13 ¼ 0.25 (29) . The measured value of A 13 in our experiments is substantial compared to the theoretical maximum of A ≈ 0.4 (27) . A is a function of I h ∕I v and does not depend on the total fluorescence intensity. Although the effects of pressure, temperature, and pH may Author contributions: J.M., P.K., and A.L. designed research, performed research, contributed new reagents/analytic tools, analyzed data, and wrote the paper.
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Optics and High-Pressure Measurement Setup. A schematic of the experimental setup is shown in Fig. 1 . Anisotropy measurements were done with a temperature regulated high pressure cell (ISS) containing three quartz windows at right angles. A piston compresses water up to 300 MPa. Water transmits the pressure to a 400-μL square cuvette sealed with a flexible rubber cap (Spectrocell). The sample cuvette is excited directly with the 488-nm line of an argon laser that is vertically polarized with a linear polarizer (NT47-216 Edmunds Optics). The emitted fluorescent light is collected at a right angle to the incident laser beam. It passes through a collimating lens, followed by an emission filter for fluorescein (HQ535/50 Chroma), and then through a notch filter (zet-488 Chroma) to block scattered laser light. Next, it passes through a motorized filter wheel (FW103S Thor Labs) holding linear polarizers for the vertical or horizontal directions. The light is then focused onto a sensitive photomultiplier tube (H7421-40 Hamamatsu) with an f ¼ 100-mm lens.
Biochemistry. We experimented with standard TMD buffer (Tris) consisting of 25 mM Tris·HCl to pH 7.5 at 25°C, 10 mM MgCl 2 , and 1 mM DTT. We also experimented with HMD buffer (Hepes) consisting of 25 mM Hepes/KOH to pH 7.5 at 25°C, 10 mM MgCl 2 , and 1 mM DTT. We used a concentration of 1 nM ssDNA (39T) with a 5′ modification of 6-carboxyfluorescein (Genelink). The concentration of ATP[γ-S] (Enzo Life Sciences, Inc.) was always 0.1 mM. EC RecA protein was obtained from USB Affymetrix, and TT RecA protein was obtained from New England Biolabs. The concentration of EC RecA and TT RecA for ATP[γ-S] experiments were both 0.5 μM for comparison. Although binding of EC RecA to ssDNA was instantaneous at ambient conditions, it took several hours for TT RecA to cover the ssDNA in TMD buffer. For TT RecA, we kept the solution at 40°C overnight before we began measurements.
Results
Dependence of Binding on Pressure at a Constant Temperature. We measure the anisotropy A T ðPÞ as a function of pressure P for fixed temperatures, T. In Fig. 2 , we show A T ðPÞ at T ¼ 35°C for EC RecA þ ATP½γ-S, and TT RecA þ ATP½γ-S. We find that A T ðPÞ is always a monotonically decreasing function of pressure. The anisotropy shows a sharp change at high pressure like a first-order phase transition.
Dependence of Binding on Temperature at a Constant Pressure. To investigate the temperature dependence of binding at a constant pressure, we measured A P ðTÞ for P ¼ 0.1 MPa (1 atm) as shown in Fig. 3 . For EC RecA þ ATP½γ-S, A P ðTÞ decreases linearly followed by a sharp transition at T ≈ 42°C, where A P ðTÞ drops to the value for bare DNA, A DNA . The temperature dependence of A P ðTÞ in case of TT RecA shows a similar linear decrease consistent with Eq. 2 but does not show a sharp transition in the range of the temperatures allowed by our apparatus. In order to investigate the reversibility of the transition in the case of EC RecA, we increased the temperature to 50°then decreased the temperature back to 10°C slowly. We find that A P ðTÞ does not recover back over the timescale of 200 min (Fig. 3) , suggesting that the transition is irreversible. However, we did notice a partial recovery in A P ðTÞ after several days.
The irreversibility of binding at high T suggests that domain of RecA responsible for binding to ssDNA denatures irreversibly at high temperatures. We expect that the binding domain stability should be highly correlated with the global stability of a protein.
RecA should therefore exhibit regions of binding in ðP;TÞ plane similar to the global stability. Besides high-temperature denaturation, many proteins denature at low temperatures and high pres- The number of counts for each state point was fixed and the error bars were taken to be identical to those determined at a single point. Upon further lowering the temperature in steps (*), the anisotropy does not increase to its original value, suggesting that heat inactivation is irreversible. The experiment run without RecA and just ATP[γ-S] is shown for comparison to the heat inactivation, indicating that no RecA is bound. For TT RecA þ ATP½γ-S (+), the anisotropy decreases gradually from low temperatures up to 60°C. Much higher temperatures are required to observe the hypothetical sharp transition in anisotropy.
sures. This is known as cold denaturation 32. In the case of EC RecA, A P ðTÞ shows nonmonotonic behavior for P > 20 MPa, and hence suggests cold and heat unbinding at high pressures (see Fig. 4A ). where R is the molar gas constant. Within this approximation, the phase boundary ΔGðP;TÞ ¼ 0 has a very simple interpretation, the pressure-temperature curve on which the average occupancy of RecA on ssDNA is one-half. The free energy for intermediate state points is obtained using linear interpolation of the anisotropy values from the experimental measurements.
In Fig. 4 , we show ΔGðP;TÞ for EC RecA with ATP[γ-S] in TMD buffer. A surface fit for the data in Fig. 4 is shown in Fig. 5 . Analogous figures for EC RecA in HMD buffer are shown in Fig. 6 and Fig. 7 . The experimentally measured pressures and temperatures corresponding to half occupancy are indicated by the red circles. For both of the buffers, the pressure-temperature phase diagram of binding resembles that of protein structural stability with some subtle differences. Usually, pressure values for denaturation of proteins reported in experiments are much higher than what we find for unbinding, suggesting that perhaps the central DNA binding domain (4) is more sensitive to pressure and temperature than the overall structural stability of RecA. EC RecA shows both heat and cold unbinding with ATP[γ-S] in both buffers. The cold unbinding is possibly due to cold denaturation (32) of RecA or a cold degradation of the DNA binding domain of RecA. Along with the measurement, we show the fitted values of ΔGðP;TÞ using Hawley's expansion of free energy change (see Thermodynamic Analysis).
A comparison of Fig. 4 and Fig. 6 shows that the phase boundary of binding/unbinding of RecA to ssDNA shows slight differences in the two buffers, suggesting that the temperaturedependent pH changes in case of TMD has rather little effect on binding. We further find that the phase diagram extends up to 45°C with HMD versus 42°C with TMD.
The temperature derivative of pressure along the phase boundary is related to the change in entropy ΔS and the change in volume ΔV between bound and unbound state as dP dT
Hence in the case of EC RecA, high-temperature unbinding is characterized by ΔS > 0 and ΔV < 0. The low-temperature unbinding is characterized by ΔS < 0 and ΔV < 0. Our observations agree with the entropy and volume changes of hydrophobic polymers upon heat and cold denaturation (15, 33) . The entropy change between the two states goes to zero when dP∕dT goes to zero (15, 34) , a point separating heat and cold unbinding regimes in the ðP;TÞ plane.
Comparison with Extremophilic RecA Protein. Our studies on the EC RecA binding suggest that the functionality of RecA is adapted to the temperature range in which EC grows. We measured the pressure dependence of binding for TT RecA over a range of temperatures allowed by our apparatus 5-60°C. Above 60°C, the o rings of the pressure cell no longer seal. ΔGðP;TÞ as a function of temperature and pressure for TT RecA is shown in Fig. 8 . The ΔG ¼ 0 curve is rather flat for the range of temperatures we can access with our apparatus. The shape of the ΔG ¼ 0 curve suggests that TT RecA binding to ssDNA is possible above 110 MPa, the pressure at the deepest known depth of the ocean, whereas EC RecA cannot. It is no surprise that a strain of TT can thrive near deep sea hydrothermal vents without any effect on the growth (35) . Our experiments suggest that RecA from different bacteria are adapted to the thermodynamic conditions in which they grow.
The pH Dependence of Binding. Although TMD buffer is the standard buffer for RecA research, its properties are not always best suited to temperature-dependent measurements due to its large temperature coefficient of pH. We measured that the pH of TMD buffer varies linearly with temperature. The measured temperature coefficient was −0.027 AE 0.001 pH∕°C. Moreover, TMD is a good buffer only in the pH range 7.5-9 and varies by an entire pH unit between 5 and 45°C. Thus high temperatures are outside the range of the buffering capacity of TMD. To see if this effect was significant, we repeated our phase diagram measurements with HMD. HMD has a smaller temperature coefficient of pH change −0.014 pH°C and the working range of pH 6.8-8.2.
We also measured unbinding as a function of pressure for EC and TT RecA at T ¼ 35°C for a pH range 5-9. We find that the dependence of the pressure P 1∕2 [pressure at ϕðP;TÞ ¼ 0.5] on pH is rather flat and can be fit with a line. For the P 1∕2 of EC RecA, 1∕2 ≪ 1. Thus, the pH effect on binding is weak. We found that the fluorescence anisotropy measurements break down systematically above pH 9 or below pH 4, where DNA screening (pH 9) is affected or fluorescence is quenched (pH 4).
Stability and Reversibility. We have performed various experiments that bear on the reproducibility of our data and the thermodynamic reversibility of the RecA þ ssDNA system. It is shown that pH or the type of protein may influence reversibility in pressure (36, 37) . Measurements of phase diagrams were made by first equilibrating the system at a given temperature and atmospheric pressure then going up in pressure in a step of 10 MPa to the maximum pressure. The subsequent equilibration of the system at different pressures is very fast (usually less than 2 min) as evident from the stable values of the anisotropy. After reaching the maximum pressure of measurement, which takes about 20 min, the pressure was set back to atmospheric pressure for a new temperature measurement. For EC RecA, we find that anisotropy and hence the binding is reversible with cycling pressure between 0.1 and 300 MPa at a given temperature. For TT RecA, the binding recovery timescale varied around several hours.
Thermodynamic Analysis.
In this section, we use the free energy difference calculated from the anisotropy measurements (Eq. 4) to extract thermodynamic parameters and the shape of the Gibbs free energy surface in ðP;TÞ plane using Hawley's expansion of ΔG (35) . The Gibbs free energy change between the unbound and bound states is defined as
The free energy difference can be expanded as Taylor series in terms of pressure and temperature to second order.
ΔGðP;TÞ
We take T 0 ¼ 298 K and P 0 ¼ 0.1 MPa as standard conditions. It is assumed that the thermodynamic parameters appearing in Eq. 8 have no additional pressure or temperature dependence but otherwise take on different values in the unbound and bound state. Δα ¼ α U − α B , Δβ ¼ β U − β B , and so forth. This expansion involves terms including changes in standard free energy ΔG 0 , entropy ΔS 0 , volume ΔV 0 , specific heat ΔC P , compressibility Δβ, and thermal expansion Δα. Δα and Δβ are specially defined as 
The thermodynamic coefficients are determined by several rounds of least squares fitting, first for the overdetermined set of coefficients around ΔG ¼ 0, and then again against the entire dataset to determine the scale of parameters. The values between the HMD and TMD coefficients are comparable. The geometry of the quadratic curve depends on the ratio r ¼ B 2 ∕ð4ACÞ. For r < 1, Eq. 10 describes an ellipse, r ¼ 1 is a parabola, and r > 1 is a hyperbola. In terms of the thermodynamic parameters, r is calculated as
The extracted parameters for EC RecA for TMD buffer and HMD buffer are listed in Table 1 .
Discussion
We have investigated the effects of pressure and temperature on the equilibrium binding of RecA protein to ssDNA E. coli and T. thermophilus RecA proteins in the presence of ATP[γ-S]. At a given temperature, the binding is a monotonically decreasing function of pressure for both TT and EC RecA under all conditions measured. At high pressures, the drop in binding is sharp. For EC RecA at constant temperature, binding is reversible in pressure. For EC RecA, binding is not reversible at high temperatures above 42°C suggesting aggregation. The cutoff in the region of binding at high temperature correlates with the measured drop in growth rate of EC at 42°C (38) . The pressure-temperature phase diagram of binding of RecA from TT shows a wider region of binding in the (P;T) plane. This suggests that a thermophilic bacteria such as the one studied here could also be viable at high pressures. Indeed, strains of TT have been found to thrive near thermal vents in the ocean where both the pressure and temperature are very large (34) .
The binding of RecA protein from EC shows a hyperbolic phase diagram in the (P;T) plane near the transition to the commonly found elliptic phase diagrams found for the stability of various proteins (35, 39, 40) . For TT, the region of the phase diagram above T > 60°C was not accessible, so we could not calculate the shape of the entire phase boundary like EC and extract thermodynamic parameters. We note that the global denaturation of a protein versus the functional disruption of a domain may have different (P;T) dependencies. Our method does not distinguish between local unfolding of the DNA binding domain and global unfolding of the protein. To distinguish between these two, another method such as circular dichroism is necessary (35) .
The unbinding of RecA at pressures around 50-60 MPa at 37°C also sheds light on the SOS response in EC measured at high pressures (41) . Because RecA tends to depolymerize at high pressures, the conventional UV irradiation pathway (2) would not be applicable to the high pressure SOS response.
Our RecA measurements are applicable to RecA from any species. In future studies, RecA could be purified from other species (42) . Other extremophiles of interest in clude Serratia marcescens, which grows at −20°C, or Photobacterium profundum, which lives at 70 MPa. A phase-diagrams comparison of RecA from such organisms would be of great interest. We hypothesize that the region of binding for each extremophilic RecA would span the pressure and temperature range where bacteria survive, like for EC and TT.
We have shown that pressure and temperature adaptation occurs even at the single molecule level for the essential recombination protein RecA. Bioinformatic studies may shed some light on which variations in RecA proteins confer adaptation to extreme environments. 
